To estimate the risk of congenital heart defects (CHD) associated with assisted reproductive technologies (ART).
Introduction
Congenital heart defects (CHD) are the most prevalent birth defects and comprise the most important cause of malformationrelated infant mortality. 1, 2 Despite the progress in prenatal diagnosis, medical and surgical management of infants with CHD 3,4 substantial risks of morbidity and mortality remain for severe cases of CHD. Risk factors of CHD include inherited 5 and non-inherited causes, 6 among which the role of assisted reproductive technologies (ART) remains uncertain. Assisted reproductive technologies include various techniques used to achieve pregnancy in the case of male or female infertility and comprise inductors of ovulation, conventional in vitro fertilization (IVF), and IVF with intracytoplasmic sperm injection (ICSI). These techniques are increasingly used in many countries 7, 8 in part due to trends towards delayed childbearing. 9 For example, in France, nearly 2.4% of all children born in 2006 were conceived following ART. 10 Children conceived following ART are known to be at higher risk for adverse birth outcomes 11 -15 including those related to multiple births, preterm delivery, and intrauterine growth retardation. There are more uncertainties regarding the risks for birth defects, 13,16 -23 and in particular for specific defects such as CHD. 12,24 -26 The meta-analysis by Hansen et al. 18 showed a moderate increase in the overall risk for birth defects in children born after IVF or ICSI compared with children born spontaneously [odds ratio (OR) ¼ 1.40, 95% confidence interval (CI) 1.28-1.53]. However, insufficient data exist regarding specific risks for CHD that may be associated with ART. Previous studies included a relatively small number of cases of CHD and showed inconsistent results for risks of CHD in relation to ART. 12,24 -26 Moreover, specific associations between subcategories of CHD and different methods of ART have not been adequately assessed in the literature. This is important as most known teratogens and risk factors for birth defects are associated with one or a few specific anomalies. Using population-based data from the Paris Registry of Congenital Malformations including more than 5000 cases of CHD, we estimated the risk for CHD in relation to different methods of ART for: all CHD, CHD without chromosomal abnormalities, and subcategories of CHD defined based on anatomo-embryological criteria.
Methods Data
We used data from the population-based Paris Registry of Congenital Malformations, 4, 27 which registers all cases of birth defects and chromosomal abnormalities among live-borns, still-borns (≥22 weeks of gestation), and pregnancy terminations. The Registry covers the population of women who live in Greater Paris area (Paris and its surrounding suburb) and deliver or have a pregnancy termination in a Parisian maternity unit. The annual number of deliveries in our population is about 38 000. The Paris Registry is a member of the European Network of Registries of Congenital Malformations (EUROCAT) and of the International Clearinghouse for Birth Defects Surveillance and Research. The Registry follows the EUROCAT methodology and quality of data is routinely monitored by both EUROCAT 1 and the National Committee of Registries in France. The review of procedures regarding confidentiality of data is overseen by both the National Committee of Registries and the National Committee of Informatics and Freedom. Data are based on medical records and are collected from several sources including maternity units, neonatology wards, and cytogenetic and pathology services. Data for the study population corresponded to the period 1987 -2006 as the first case of a malformation with exposure to IVF occurred in 1987 and 2006 was the last year for which data were available.
Methods
A case -control study with malformed controls was conducted to estimate the risk of CHD in relation to ART. Cases were children/foetuses with a diagnosis of CHD. For the malformed controls, following Hook's recommendations, 28 we included a wide spectrum of malformations for which no association with ART was reported in the literature. The malformed controls were foetuses/children with isolated club-foot, angioma, skin abnormality, polydactyly, syndactyly, or congenital hip dislocation. We estimated the risk (odds) of CHD when compared with malformed controls in relation to different methods of ART. This risk was estimated for the following outcomes: (i) all CHD combined, (ii) CHD without chromosomal abnormalities, (iii) CHD without chromosomal abnormalities and excluding isolated ventricular septal defects (VSD), and (iv) 10 mutually exclusive subcategories of CHD ( 11 -13) were defined by re-grouping, based on their common developmental and genetic origins, 29 certain types of CHD included in the 10 preceding subcategories. The main predictor variable was exposure to ART, which included the following: inductors of ovulation only (IO), IVF, and ICSI. Exposure to ART was assessed: (i) as a binary (ART yes/no) variable and (ii) as a variable in four categories (no ART, IO, IVF, and ICSI), and for IVF and ICSI combined (IVF + ICSI).
Variables considered as potentially confounding factors included year of birth, maternal age, occupation, and geographic origin. These factors are known to be related to both exposure to ART and prevalence of birth defects 22, 30 
Power
Assuming a type-I error of 0.05, we had a power of 80% to detect an OR of 1.5 for the overall risk of CHD in relation to IVF (exposure ≈2%). Assuming a case-control ratio of 1:4, we had a power of 80% to detect an OR of 2.0 associated with IVF exposure for subcategories of 1000 cases. For subcategories of 100 cases, we had an 80% power to detect an OR of 3.0 or more. For exposure to ICSI (≈0.6%), we had a power of 80% to detect an OR of 2.0 for the overall risk of CHD and 3.0 for subcategories of 1000 cases.
Statistical analyses
The odds of CHD in relation to ART was estimated using logistic regression models for each outcome, after taking into account year of birth, maternal age, occupation, and geographic origin. The adjustment for maternal age was made using fractional polynomials. 31 Separate logistic regression models were estimated for each of the following outcomes: (i) all CHD, (ii) CHD without chromosomal abnormalities, (iii) CHD without chromosomal abnormalities and excluding VSD, and (iv) each of the 13 CHD subcategories that included at least 100 cases. The following CHD subcategories were not analysed separately as they included less than 100 cases: anomalies of heart position, anomalies of coronary arteries, anomalies of venous connections, discordant atrioventricular connections, and isolated atrioventricular septal defects. However, these cases were included in the analyses for all CHD/CHD without chromosomal abnormalities/excluding VSD.
We tested whether the effects associated with ART (specifically IO and IVF for which data were available for the entire study period) changed over time; i.e. we tested for interaction effects between IO/ IVF and time using nested models with likelihood ratio tests. 
of the interaction effects between ART and time were statistically significant (detailed results not shown; available from authors). We also tested for any interaction effects between ART and singleton/multiple births. The statistical significance level was set at a ¼ 0.05 and all tests were two-sided.
As recommended by Rothman 32 and Savitz and Olshan 33 in the case of observational studies, such as ours, aimed at detecting patterns of (specific) associations, no adjustment was made for multiple comparisons in analysing the associations between the a priori chosen subcategories of CHD and ART. Analyses were done with Stata 9 software (Statacorp, TX, USA).
Results

Study population
After excluding data with missing information on ART (2% of cases), the study population included 5493 cases of CHD, 4459 cases of CHD without chromosomal abnormalities, and 3104 without chromosomal abnormalities and excluding VSD ( Table 2) . The subcategories of CHD comprised from 124 to 2248 cases ( Table 2 ; subcategories of CHD with less than 100 cases are not shown-detailed data available from authors). The largest subcategory was the VSD (n ¼ 2248) representing nearly 40% of all cases. The subcategory malformations of the outflow tracts and ventriculoarterial connections was the second largest subcategory and comprised 1088 cases.
After excluding controls with missing data for ART (3.5% of controls), the study population included a total of 3847 malformed controls, comprising isolated congenital hip dislocation (n ¼ 1299), polydactyly (n ¼ 769), club foot (n ¼ 733), angioma (n ¼ 515), skin abnormality (n ¼ 367), or syndactyly (n ¼ 164).
Maternal age was missing for 35 (0.6%) cases and 23 (0.6%) controls. Data on maternal geographic origin were missing for 1.7% of the cases and 2.1% of the controls, and information on maternal occupation was missing for 7.9% of the cases and 3.1% of the controls.
Most socio-demographic characteristics were different between cases and controls. Mothers of cases were older, less often of French origin, and were more likely to be in the occupational category 'none' than mothers of controls. On the other hand, mothers who had conceived following ART were more likely to be of French origin and to be in the occupational category 'professional' (highest category) than mothers who had conceived spontaneously (detailed results not shown; available from authors).
Risk of congenital heart defects associated with assisted reproductive technologies Definition of heterotaxy syndrome was based on the article by Jacobs et al. 44 methods of ART was also significantly different between cases and controls (P ¼ 0.013); in particular, 1.9% of the cases were born following IVF vs. 1.3% of the controls and 0.6% of the cases were born following ICSI vs. 0.3% of the controls. Table 3 shows the crude and adjusted associations between the overall risk of CHD and ART (all methods combined). Exposure to ART was associated with a 1.3-fold increase in the maternal age, socioeconomic factors, and year of birth-adjusted odds of all CHD (adjusted OR 1.3, 95% CI 1.0-1.6). For CHD without chromosomal abnormalities and CHD without chromosomal abnormalities and excluding isolated VSD, estimates were comparable to (slightly higher than) those observed for all CHD (adjusted OR 1.4, 95% CI 1.1-1.7 and adjusted OR 1.5, 95% CI 1.1-1.9, respectively). Table 4 shows the crude and adjusted ORs between the risk of CHD and the different methods of ART. The adjusted ORs for IVF and ICSI were similar and the combined IVF + ICSI exposure was associated with a 1.4-fold increase in the odds of CHD (adjusted OR 1.4, 95% CI 1.0 -2.9). The combined IVF + ICSI exposure was also associated with a 1.5-fold increase in the odds of CHD without chromosomal abnormalities (adjusted OR 1.5 95% CI 1.1 -2.1) and a 1.7-fold increase in the odds of CHD without chromosomal abnormalities and excluding VSD (adjusted OR . ............ ............ ............ ............ ........... ............ ............ ............ ........... ............ ............ ............ ........... ............ ......   .... ............ ............ ............ ............ ........... ............ ............ ............ ........... ............ ............ ............ ........... ............ . a Odds ratios represent the odds of a birth (including live births, stillbirths, and pregnancy terminations) with congenital heart disease (cases) relative to the odds of a birth with one of the malformed controls (see the Methods section for details). Adjusted for maternal age, geographic origin, occupation, and year of birth. CI 1.2 -2.4). In contrast, we did not find any statistically significant association between IO and CHD with or without chromosomal abnormalities. When analyses were restricted to singletons, ORs for IVF and ICSI remained .1, but the magnitude of associations decreased and CIs included the null value (Tables 3 and 4) . However, test of the interaction effect between ART and singleton/multiple births was not statistically significant (P ¼ 0.67).
Analyses for subcategories of congenital heart defects defined according to anatomo-embryological criteria Table 5 shows the results of the analyses for the subcategories of CHD. Assisted reproductive technologies were associated with significant increases in the odds of malformations of the outflow tracts and ventriculoarterial connections (adjusted OR 1.7, 95% CI 1.2 -2.4) and of cardiac neural crest defects and double outlet right ventricle (adjusted OR 1.7, 95% CI 1.1 -2.7).
The adjusted ORs for ICSI were in general similar to those for IVF except for the subcategories malformations of atrioventricular valves and atrioventricular connections, functionally univentricular CHD and transposition of the great arteries (TGA), heterotaxy syndrome, and discordant atrioventricular connection. The combined IVF + ICSI category was associated with a 1.8-fold increase in the odds of malformations of the outflow tracts and ventriculoarterial connections (adjusted OR 1.7 95% CI 1.1 -2.8) and a 1.8-fold increase in the odds of cardiac neural crest defects and double outlet right ventricle without ventricular hypoplasia (adjusted OR 1.8 95% CI 1.0 -3.3). IO were associated with a 2.5-fold higher odds of anomalies of atria and interatrial communications (adjusted OR 2.5, 95% CI 0.7 -8. Odds ratios represent the odds of a birth (including live births, stillbirths, and pregnancy terminations) with congenital heart disease (cases) relative to the odds of a birth with one of the malformed controls (see the Methods section for details).
b Adjusted for maternal age, geographic origin, occupation, and year of birth.
Risk of ART for CHD subcategories of CHD are not shown in the printed version; these results are available from authors/or as Supplementary material online, Table S3 ).
Discussion
On the basis of data from the Paris Registry of Congenital Malformations including more than 5000 cases of CHD, we found a 40% increase in the overall risk of CHD without chromosomal abnormalities in children conceived following ART after taking into account maternal age, socioeconomic factors, and year of birth. Our results also suggest that specific associations exist between ART and subcategories of CHD. Moreover, although IVF and ICSI were associated with significant increases in the risk of CHD, we did not find a significant association between IO and the overall risk of CHD. When analyses were restricted to singletons only, the ORs decreased and the CIs included the null value. This suggests that any effect of ART on CHD may be in part due to multiple births. On the other hand, test of the interaction effect between ART and singletons/multiple was not statistically significant, although this may have been due to limited power of our study for detecting any interaction effects that may have existed. In any case, it is certainly possible that multiple births may be on the causal pathway between ART and CHD. This hypothesis is consistent with Reefhuis's 26 finding that 'multiple births were more likely to have birth defects, regardless of conception mode'. It should be noted however that the public health impact of ART on the risk for birth defects includes all (singleton and multiple) births. On the basis of our findings, we calculated attributable risk fractions, which would represent the proportion of cases that may be caused by ART, or equivalently, the proportion of cases that would be avoided were the exposure to ART removed ceteris paribus, 'if' the associations we found between the risk of CHD and ART can be assumed to represent causal relations (this may of course not be the case for reasons that are discussed further below). The attributable risk fraction estimates suggest in particular that around 2% of the CHD without chromosomal abnormalities may be caused by ART and 1.2% by IVF + ICSI. These proportions are similar to those calculated for certain other major risk factors of CHD 34 and may increase as exposure to ART is likely to increase over time. To our knowledge, there are no embryological or physiopathological hypotheses to explain the specific associations between ART and the subcategories of CHD that we found in our study. In particular, genomic imprinting disorders found in children born after ART 35 seem unlikely to explain all of the observed associations. Moreover, our results for CHD without chromosomal abnormalities suggest that associations between CHD and ART are not due to the association of the latter with chromosomal abnormalities. Our results may be helpful for generating hypotheses regarding underlying mechanisms for the association between the risk of CHD and different methods of ART. Our study has certain limitations. Although our study included a large number of cases of CHD, exposure to ART, and particularly to ICSI, remains infrequent in the general population and in our Registry data. Consequently, the CIs for the estimates of the associations between subcategories of CHD and IVF and more so ICSI were wide, indicating the limited precision of some of our estimates.
Moreover, we made no adjustment for multiple comparisons in analysing the associations between the a priori chosen In any case, the specific associations we found can only be considered exploratory and need to be further investigated.
The choice of malformed controls may have been a source of selection bias 36, 37 due to associations that may exist between exposure to ART and malformations included as controls. In order to minimize such bias, following Hook's recommendations, 28 we selected a wide spectrum of malformations for which no associations with ART were described in the literature. This methodology is often used in the field of birth defects 38 and in particular in assessing the teratogenic effects of medications. 39, 40 Although this approach of choosing a heterogeneous group of malformations as controls can lower the risk of selection bias by diluting any effects due to unknown (i.e. hitherto unreported in the literature) associations that may exist between ART and one or more of the malformations selected as controls, the possibility of residual bias cannot be excluded. This bias may result in an underestimation of the true association (i.e. what one would observe with an ideal set of non-malformed controls) between ART and CHD if ART is associated with an increase in the risk of the malformations included as controls. Conversely, the overestimation of the associations between ART and CHD can occur if ART is associated with a decrease in the risk of malformations included as controls, although such an association seems unlikely. Moreover, a differential misclassification bias for exposure assessment cannot be excluded if exposure to ART is ascertained in a different way in the case of CHD compared with the malformations included as controls. However, we are not aware of any a priori reason or empirical evidence to suggest that such a bias may exist for ART.
The frequency of missing data on exposure was different between cases and controls. This may have resulted in biased (over or under) estimates of the associations between CHD and ART if the distribution of exposure was different between subjects with complete data and those with missing data. Nevertheless, the overall frequency of missing data in this study was low and we have no reason to believe that the distribution of exposure was indeed different for cases and controls with missing data.
We explored specific associations that may exist between different types of CHD and ART by conducting separate analyses for subcategories of CHD defined a priori based on anatomic and/ or embryological criteria. An important caveat that needs to be considered is that our criteria for defining these subcategories can be arguable; alternative and equally, if not more, valid subcategories may be envisaged. Notwithstanding these considerations, our results suggest that indeed specific associations may exist between ART and risk of specific CHD subcategories, without necessarily implying that the subcategories investigated in our study are the most appropriate ones to use in this setting.
Another potential limit of our study is related to the effects of possible confounding factors that could not be taken into account. 41 In particular, we did not have adequate data for folic acid and/or multivitamins intake for women in our population.
Lack of adjustment for multivitamins use could have resulted in an underestimation of the risks associated with ART as: (i) multivitamins/folic acid intake has been shown to be associated with a lower risk of CHD 42 and (ii) a higher proportion of women who conceived after ART may have had an adequate multivitamins/ folic acid intake. 26 Another potentially important confounding variable that we could not adjust for was paternal age. As paternal age is correlated with maternal age, we partially adjusted for paternal age by taking maternal age into account. Nevertheless, lack of full adjustment for paternal age may have resulted in an overestimation of risks, particularly for ICSI that is used more often, although not exclusively, in the case of male infertility. 8 More broadly, in the association between ART and CHD, the question of the role of underlying infertility vs. that of any treatment effects of ART per se remains an open one. 14, 16, 17, 43 Some studies have attempted to separate the effects of underlying infertility from any treatment effects due to ART by adjusting for the duration of infertility/involuntary childlessness. 17 This strategy has been criticized by Hansen et al. 19 as this variable may be 'synonymous with exposure'. This is consistent with the data from our Registry in which 99% of the cases/controls with exposure to ART had a duration of infertility of 2 years or more.
Although for most subcategories of CHD the associations between IVF and ICSI were similar, our findings suggest that ICSI may be associated with a higher risk for some subcategories of CHD when compared with conventional IVF. However, CIs for the estimates of the risks associated with ICSI for subcategories of CHD were wide. Hence, while suggestive, our results cannot lead to a definitive conclusion regarding higher risks due to ICSI vs. IVF for certain subcategories of CHD.
In conclusion, we found that cases with CHD were more likely to have been conceived following ART when compared with malformed controls. In particular, IVF and ICSI were associated with a 1.5-fold increase in the odds of CHD without chromosomal abnormalities after adjustment for year of birth, maternal age, occupation, and geographic origin. In contrast, we did not find a significant association between IO (alone) and the overall risk of CHD. In general, estimates suggested that there may be specific associations between different methods of ART and subcategories of CHD classified based on anatomo-embryological criteria. Such specific associations may reflect causal effects due to ART and/ or the underlying infertility of couples who conceive following ART.
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